This paper reports a simple, rapid, and effective method for simultaneous detection of cartap (Ca), thiocyclam (Th), and tebufenozide (Te) in Chinese herbal medicines including Radix Angelicae Dahuricae and Liquorices using Fourier transform infrared spectroscopy (FT-IR) coupled with partial least squares regression (PLSR). The proposed method can handle the intrinsic interferences of herbal samples; satisfactory average recoveries attained from near-infrared (NIR) and mid-infrared (MIR) PLSR models were 99.0±10.8 and 100.2±1.0% for Ca, 100.2±6.9 and 99.7±2.5% for Th, and 99.1±6.3 and 99.6±1.0% for Te, respectively. Furthermore, some statistical parameters and figures of merit are fully investigated to evaluate the performance of the two models. It was found that both models could give accurate results and only the performance of MIR-PLSR was slightly better than that of NIR-PLSR in the cases suffering from herbal matrix interferences. In conclusion, FT-IR spectroscopy in combination with PLSR has been demonstrated for its application in rapid screening and quantitative analysis of multipesticide residues in Chinese herbal medicines without physical or chemical separation pretreatment step and any spectral processing, which also implies other potential applications such as food and drug safety, herbal plants quality, and environmental evaluation, due to its advantages of nontoxic and nondestructive analysis.
Introduction
Chinese herbal medicines (CHMs) which were considered to be gentle, nontoxic, and even harmless have been widely used as a means of medication or dietary supplement [1, 2] . In order to prevent, repel, or mitigate the effects of pest, the commercial cultivation of CHMs receives frequent application of diverse pesticides which are highly effective and broadspectrum but have long half-life, complex degradation, and highly toxic substances. Consequently, the widespread use of pesticides poses high risks to the environment and induces heavy adverse effects on human health [3] [4] [5] [6] . Facing such a serious crisis, for safety and health, it is therefore important to establish an effective routine method for quantifying multipesticide residues in Chinese herbal medicines.
Based on the available literature, a number of analytical methods have been proposed for the determination of pesticide residues in different matrices [7] [8] [9] [10] [11] [12] , including gas chromatography (GC), gas chromatography-mass spectrometry (GC-MS), high performance liquid chromatography (HPLC), and ultrahigh performance liquid chromatographymass spectrometry (UPLC-MS). Unfortunately, these techniques are time-consuming and reagent-demanding and require highly skilled operators. Therefore, a faster, more accurate, and sensitive identification method is urgent to be developed for its practical application. In recent years, Fourier transform near-infrared (NIR) and mid-infrared (MIR) spectroscopies with advantages such as high efficiency, low cost, simply measuring, little sample preparation, quick data analysis, and nondestructive analytical technique have been widely used in several scientific fields, such as medical and biomedical, food science, pharmaceutical, and petroleum industries [13] [14] [15] [16] [17] . However, it should be noticed that only a few papers have described analytical approaches for monitoring multipesticide residues in Chinese herbal medicines by using FT-IR. This is due to the fact that fingerprint 2 Journal of Spectroscopy information of multipesticide residues in Chinese herbal provided by NIR and MIR spectra may be difficult to directly interpret due to low resolution and overlapping peak bands, so effective and robust chemometrics methods have been extensively concerned to extract and relate the abundant IR spectra information [18] [19] [20] .
The main role of chemometrics for quantitative analysis of NIR and MIR data is to establish a quantitative model relating the measured NIR signals to certain properties of samples, say the component content. The quantitative model was subsequently applied to predict the same properties of samples in the prediction set. So, a good prediction result relies a good multivariate calibration method. Many methods such as principal component regression (PCR) [21] , multiple linear regression (MLR) [22] , and partial least squares (PLS) [23] are often used for chemometric calibration. In particular, partial least squares regression (PLSR), as a well-performed multivariate data analysis technique which generalizes and combines features from principal component analysis and multiple linear regression, is especially suitable for modeling from a full spectrum [24] . It is a procedure used to relate a large number of independent variables (predictors) to one (PLSR1) or few (PLSR2) response variables (observations) when a reduced number of cases are available and is useful in predicting a set of dependent variables from a large set of independent collinear variables. Since it reduces a great amount of redundant information, PLSR is ideal for multivariate calibration of spectroscopic data [25, 26] . In recent years, attention was paid to the application of PLSR in various disciplines and a large number of studies reported successful results [27] [28] [29] .
In the present paper, a rapid and effective strategy for simultaneous determination of cartap (Ca), thiocyclam (Th), and tebufenozide (Te) in CHMs including Radix Angelicae Dahuricae and Liquorices has been proposed, by combining FI-IR with PLSR algorithm. The results have revealed that the direct determination of pesticide residues in complicated CHMs can be achieved, which adequately exploits the simple, rapid, and accuracy advantage with no requirement of physical or chemical separation and spectral processing, indicating a promising quantitative alternative for CHMs quality control and online monitoring of pesticide residues. Moreover, the accuracy and figures of merit of both NIR-PLSR and MIR-PLSR methods, including average recoveries, root mean square error, and limit of detection (LOD), were investigated and compared to evaluate the performance of the developed methods.
Materials and Methods

Apparatus.
A NICOLET 6700 FT-IR, OMNIC 8.2 spectral collecting software (Thermo Fisher Scientific Inc., USA), Antaris II FT-NIR spectrometer, and RESULT 3.0 spectral collecting software (Thermo Electron Co., USA) were used. 0 g ). Different volumes of the working solutions of pesticide were further added into each CHMs sample and completely mixed into the prepared samples. The Radix Angelicae Dahuricae and Liquorices samples were divided into seven groups (R1-R7) and (L1-L7), respectively. That is, in each of the 7 groups (R1-R7) and (L1-L7), 30 samples with different Radix Angelicae Dahuricae and Liquorices matrices were prepared, respectively, and then vacuum-dried at 60 ∘ C for 24 hours. The sieved powders were stored in a dryer spare. Detailed information about the added content of the working pesticide solutions was listed in Table 1 .
Reagents and
Spectra Acquisition.
MIR spectra were recorded using KBr pellets and the wavenumber ranged from 4000 to 400 cm −1 with a resolution of 4 cm −1 and 30 samples with different herbal matrices in each group was collected, 30 spectra every day. NIR spectra were acquired by the diffuse reflectance mode; the spectral range was from 10000 to 4000 cm −1 with a resolution of 8 cm −1 and 30 samples with different herbal matrices in each group was collected, 30 spectra every day. The average spectra of three parallel measured spectra for each sample in each group were adopted to construct model. The same operation was repeated for three consecutive days.
Method of Chemometrics.
PLSR programs were written and performed using a Matlab 2010a (Math Works, Natick, MA, USA).
Partial least squares regression (PLSR) was used for developing quantitative NIR and MIR models of cartap (Ca), thiocyclam (Th), and tebufenozide (Te) in CHMs including Radix Angelicae Dahuricae and Liquorices. In this work, considering × matrix X including predictor variables (NIR or MIR spectral variables) for CHMs samples and × 1 vector including the corresponding dependent variable for CHMs samples, for simplicity and without loss of generality, both X and y are column centered; the goal of PLS is to find a set of orthogonal latent variables that are the linear combinations of the original predictor variables. The dependent variable is subsequently regressed against the latent variables. Because a calibration model with high R1  22  8  18  12  R2  19  11  14  16  R3  19  11  19  11  R4  19  11  16  14  R5  21  9  22  8  R6  17  13  17  13  R7  18  12  21  9  L1  23  7  18  12  L2  22  8  14  16  L3  20  10  19  11  L4  23  7  16  14  L5  17  13  22  8  L6  21  9  17  13  L7  19  11  21  9 complexity tends to give degraded prediction performance and has a higher risk of overfitting, it is important to make a proper tradeoff between model complexity and accuracy. Therefore, different models with the optimum latent variables (Lvs) were investigated by -fold cross-validation.
Method Validation.
The 210 NIR spectra data of Radix Angelicae Dahuricae or Liquorices samples were randomly divided into two sets: 135 spectra were used for calibration and 75 spectra were used for validation. The 210 MIR spectra data of Radix Angelicae Dahuricae or Liquorices samples were randomly divided into two sets: 127 spectra were used for calibration and 83 spectra were used for validation of constructed PLSR models; detailed sample information was listed in Table 2 . Root mean square error of 8-fold cross-validation (RMSECV) was used as an index to select the number of latent variables. The correlation coefficient ( ), regression equation, LOD, LOQ, average recoveries, and intraday and interday precisions were used to validate this method. Precision and repeatability were determined by calculating intraday and interday relative standard deviation of calibration (RSDC) and prediction (RSDP) to evaluate the performance of instrument. The limit of detection (LOD) [30, 31] and the limit of quantification (LOQ) are computed as follows:
where (0) is the standard deviation in the predicted concentration for herbal sample background blank samples. Performance of the models was estimated in terms of calibration root-mean-squared error (RMSEC), prediction root-mean-squared error (RMSEP) with the optimal latent variable, and the correlation coefficient between the reference and the predicted values as the following equations [32] :
where and correspond to the number of calibration samples and validation samples, respectively. and̂are the references and predicted values of the property for th calibration sample, respectively. and̂represent the reference and predicted values of the property for th validation sample.
2 ( ) and 2 (̂) denote the variances for the reference and predicted values for the interesting component , respectively.
Results and Discussions
Analysis of NIR and MIR Spectral Fingerprints of Multipesticide Residues in CHMs
Samples. The molecular structures of three pesticide residues including Ca, Th, and Te and the NIR and MIR spectra of multipesticide residues in Radix Angelicae Dahuricae and Liquorices samples are plotted in Figure 1 .
The raw NIR or MIR spectra are highly overlapped and have a poor peak resolution, which makes the accurate assignments of specific peaks very difficult. For ease of peak attributions, chemical bonds are denoted as atomatom, where an atom can be carbon (C), hydrogen (H), oxygen (O), and nitrogen (N). For the NIR spectra of multipesticide residues in Radix Angelicae Dahuricae samples as shown in Figure 1(a1) , it can be seen that the characteristic absorption peaks can be interpreted as follows [33, 34] : the peak 4251 cm −1 is the C-H stretch/C-H deformation in the phenyl or CH 2 bend second overtone and around 4340 cm 
Simultaneous Determination of Ca, Th, and Te in CHMs
Samples. For simultaneous quantitative analysis of Ca, Th, and Te in CHMs samples, linear PLS models were developed to relate the raw FT-NIR spectra or FT-MIR to multipesticide residues of Radix Angelicae Dahuricae and Liquorices, respectively. The optimum latent variables numbers of all PLSR models were determined as 6 by 8-fold cross-validation. The corresponding predicted concentration to the analyte (every pesticide residue) as a function with its actual concentration can be found to evaluate relation and deviations through a linear regression equation. Herein, variable was correlated with the prediction value of pesticide residues, while variable was correlated with the actual value of pesticide residues. The correlation coefficients of Ca, Th, and Te obtained by using both NIR-PLSR and MIR-PLSR is nearly close to 1, respectively. The prediction results for the different CHMs using the NIR and MIR methods based on PLSR are summarized in Table 3 .
For Ca, Th, and Te in Liquorices, the average predicted recoveries gained from NIR are 99.0 ± 10.8, 100.2 ± 6.9, and 99.1 ± 6.3% and from MIR are 100.2 ± 1.0, 99.7 ± 2.5, and 99.6 ± 1.0%, respectively. For Ca, Th, and Te in Radix Angelicae Dahuricae, the average predicted recoveries gained from NIR are 100.4 ± 6.1, 98.8 ± 6.6, and 100.4 ± 4.6% and from MIR are 100.0 ± 0.1, 99.7 ± 2.8, and 100.0 ± 1.1%, respectively. These results show that both methods can provide a satisfactory prediction capacity to potentially determine Ca, Th, and Te in complicated CHMs matrices. In addition, figures of merit (FOM) such as LOD and LOQ are very important in developing, comparing, and assessing the reliability of analytical methodologies and analytical results. For NIR-PLSR method, the limits of detection (LODs) for Ca, Th, and . One can find that the proposed NIR and MIR method based on PLSR can yield satisfactory predictive capacity for determination of ATR, AME, and PRO in Radix Angelicae Dahuricae and Liquorices samples, respectively. The predicted concentrations versus the actual ones for Ca (a), Th (b), and Te (c) in Radix Angelicae Dahuricae using NIR-PLSR without spectra preprocessing were also showed in Figure 2 . It is observed that prediction values were very close to actual value. Similarly, prediction value of the three pesticide residues in Radix Angelicae Dahuricae and Liquorices by NIR-PLSR or MIR-PLSR is very slightly deviated from actual value (similar figures were not shown). These results confirmed that the NIR method based on PLSR was fairly effective.
Moreover, for the sake of a further investigation into the accuracy and of the proposed methods, 30 Radix Angelicae Dahuricae samples of each group from seven different groups (R1-R7) and 30 Liquorices samples of each group from seven different groups (L1-L7) were prepared and analyzed in triplicate in a day; this assay was repeated for 3 days. Statistical parameters including RMSEC, RMSEP, RSDC, and RSDP in intraday and interday testing are demonstrated in Table 4 .
It is observed that NIR-PLSR gives intraday RMSEP as 0.59, 0.79, and 0.43 and interday RMSEP as 1.54, 1.14, and 0.67 for Ca, Th, and Te in Radix Angelicae Dahuricae, respectively. MIR-PLSR gives intraday RMSEP as 0.11, 0.39, and 0.08 and interday RMSEP as 0.57, 0.53, and 0.69 for Ca, Th, and Te in Radix Angelicae Dahuricae, respectively. It can be also seen that all the relative standard deviations (RSDPs) were less than 10% by NIR-PLSR and 7% by MIR-PLSR. These results further verify that the proposed two methods could give accurate results as an alternative to each other; only the performance of MIR-PLSR was slightly better than that of NIR-PLSR under the circumstances suffering from matrix effects of CHMs. This might be due to the fact that the MIR shows the strongest absorption in the infrared active vibration.
Conclusion
In the present study, a simple, rapid, and effective method has been successfully developed for quantitative analysis of Ca, Th, and Te in Radix Angelicae Dahuricae and Liquorices based on the PLSR using both FT-NIR and FT-MIR methods. The proposed quantitative method proved to be capable of performing the simultaneous determination of multipesticide residues in complex Chinese herbal medicines without physical or chemical separation pretreatment step and spectral processing. Furthermore, the figures of merit and statistical parameters indicated that both methods could give accurate and stable results; only the performance of MIR-PLSR was slightly better than that of NIR-PLSR in the cases suffering from matrix effects. It is expected that the potential advantages of this determination of trace pesticide in Chinese herbal medicines, such as accuracy, rapidity, and low cost, can 
